Introduction
Forking branches are a structural pattern characterizing a tree species. For a tree species as a sessile organism, the forking structure is essential for gaining solar energy by spreading leaves in lighter spaces as quickly as possible. The structure is an outcome of a process in which a mother shoot of a branch produces multiple daughter shoots, and thus allows a tree to exponentially increase the amount of leaves available for photosynthetic production. On the other hand, in closed hardwood forests, tree crowns are so close to each other that there is very little space for "exponential" expansion of tree crowns (Sumida et al. 2002) . How can the nature of branch forking, which appears to result in an exponential increase of leaf amount, be consistent with crown development in closed hardwood stands where crown expansion is limited due to a lack of available space? To answer such a question, analyses of demographic (birth and death) and morphological patterns of annual shoots (the portion of shoots elongated during a year) in tree crowns are useful, since they can clarify how shoot population in a crown develops and is maintained (Steingraeber et al. 1979; White 1979; Koike 1989; Wilson 1989; Collet and Frochot 1996; Sattler and Rutishauser 1997; Chaar et al. 1997; Buck-Sorlin and Bell 2000; Suzuki 2000; Suzuki 2001; Seleznyova et al. 2002) . Here, we begin by showing an example of the structural pattern of a branch as observed in the top canopy of a closed hardwood forest. We then show how the observed pattern can be formed by introducing a model simulating demographic and structural patterns of the annual shoots.
2 Estimation of future branch development based on a branch structure at a point in time
If the demographic pattern of annual shoots in a crown is followed over time, it would take years to complete an observation. Hence, a demographic pattern is often estimated from an intensive observation of a structural pattern of a branch at a point in time. In the case of our target species, the deciduous oak Konara (Quercus serrata Thunb.), the extension of the growth of current-year shoots is monopodial with rhythmical extensions; i.e., each current-year (0-year-old) shoot having multiple leaves flushes within a short emergence duration (usually within one month) at the beginning of the growing season. Once a current-year shoot is formed, it usually remains on its mother shoot until autumn when all the leaves and several older annual shoots are shed from the abscission layer formed at their base positions. The number of current-year shoots produced on a mother (1-year-old) shoot tends to increase with the increasing length of the mother shoot. Current-year shoots near the apex of a mother shoot tend to be longer, bear more leaves, and survive more years than those that emerge near the base of the mother shoot due to the lack of strong apical dominance of Konara oaks. Surviving 0-year-old shoots become 1-year-old shoots the next year and produce new current year shoots that in turn depend on the shoot length and position on the mother shoot. Some 0-year-old shoots, mostly shorter ones, do not bear new daughter shoots and so die the next year. If we simulate the demography of annual shoots by taking into account such observable patterns, the resulting age structure of annual shoots should be similar to the actual age structure. Konara oak distributes widely over the warm-and cool-temperate forest zones of Japan, and often becomes the dominant canopy species. From a hardwood forest, branches were randomly sampled from the middle of the top crowns of three Konara trees. The canopy height was about 20 m and the forest age around 50 years. The age of each annual shoot in the branch sample was determined from bud scales and annual rings on the cross section of the annual shoot. The lengths of each annual shoot for each age, basal position of each annual shoot on its mother shoot, and the number of leaves on each 0-year-old shoot were also recorded. Next, we show an outline of our analyses, using data from one of the branch samples.
3 Age structure of a branch Initially we examined the age structure of the branch sample. The number of annual shoots for each annual-shoot age was counted, and this was then plotted against the age of annual shoots on semi-log coordinates. The relationship between the number of annual shoots (NA) and the age of the annual shoots (A) could be fairly approximated by the exponential equation (Fig. 1 
where r 2 =0.994 and p<0.0001. The value of exp(0.782) in the equation corresponds to the ratio of the number of annual shoots of a given age divided by that of the one-year older shoots. The value here was 2.19, showing that the number of annual shoots of a
given age was about twice that of the one-year older shoots. As for age structure, it appeared that the number of annual shoots increased exponentially with time, but naturally the age structure is a result of the abscission of older shoots previously present on their mother shoots.
In the next section we introduce a simulation of branch-structure development and show how the observed exponential pattern of age structure can be reconstructed.
Some structural patterns observed in a branch are expressed by arbitrary equations approximating the patterns.
Simulation procedure
For annual shoots older than 2 years, it is possible to estimate the number of 0-year-old shoots that had been present when their mother shoot was a 1-year-old shoot by observing leaf-scars or shoot-scars. However, the estimation is sometimes difficult because scars become obscure with age. Hence, the length and number of 0-year-old shoots produced on each 1-year-old shoot are the most reliable information obtainable from a branch sample. Therefore, to construct the simulation, only data for 0-and 1-year-old shoots on the branch sample were used. An underlying assumption in the simulation is that the coefficients of the equations used for the simulation are constant over time, meaning that there is no year-to-year difference in the process of branch development. The four major relationships used for the simulation are:
1. The relationship between the length of mother shoot (LM, cm) and the number of daughter shoots on it (ND). It was approximated by
where brackets show the Gaussian integer ( Fig. 2A) . This relationship shows that the number of daughter shoots can be determined simply by mother-shoot length. It should be noted that there is a critical mother-shoot length that does not produce daughter shoots the next year (arrow in Fig 2A) . In the present case a mother shoot shorter than 3.35 cm will not produce any daughter shoots.
2. The relationship between mother-shoot length and the length of the apical daughter shoot (shoot at the apical position on the mother shoot) (LDapex, cm). An apical daughter shoot tends to be the longest of all daughter shoots on a mother shoot.
The relationship ( Fig. 2B ) was approximated by the exponential function, LDapex=1.25 exp(0.224 LM).
As the intersection of this curve and the dotted diagonal line (LDapex=LM) in Fig. 2B shows, the apical-daughter-shoot length was the same as that of mother shoot when the mother-shoot length was 8.6 cm. The length of a mother shoot that bears an apical daughter shoot whose length is the same as that of the mother shoot is referred to as the "recurrent length". The length of an apical daughter shoot was shorter than the mother-shoot length if the mother shoot was shorter than the recurrent length, 8.6 cm.
3. The relationship between the length of the daughter shoot and the position of the daughter shoot on the mother shoot. The daughter-shoot position was expressed by the relative distance from the apex of the mother shoot (S, %; mother-shoot length=100%), and the daughter-shoot length was represented by its length relative to its mother-shoot length (RL, %). The relationship (Fig. 2C) was approximated by
Equations (3) and (4) 
If the linear density is integrated from the value corresponding to the position of the apical daughter shoot (defined as S=Sapex) towards the base of the mother shoot (i.e., S=100), the integrated value at S=100 should correspond to the number of 0-year-old shoots calculated from a mother-shoot length (Eq. (2)). Based on this principle, we calculated the S values where the first daughter shoot, the second, the third, etc., appeared on the mother shoot.
The flowchart of the simulation is outlined in Fig. 3 . In this simulation the length of a mother shoot determines everything regarding the daughter shoots on it; initially, only a mother shoot with a certain length was given. The length was set to be the recurrent length (=8.6 cm; see above). This is equivalent to assuming that the annual-shoot length of the main axis of a branch is always the same each year, since a mother shoot with the recurrent length always bears a daughter shoot with the recurrent length at the mother-shoot's apex. The number of daughter shoots on a mother shoot is determined by mother-shoot length by Eq.
(2). Then the basal position of each daughter shoot on the mother shoot (Eq. (5)) and the length of each daughter shoot (Eqs. (3) and (4)) are automatically determined. Some of the daughter shoots may not produce new daughter shoots the following year if their lengths are shorter than the critical length for shoot production (Eq. (2)). Such daughter shoots are regarded as being dead the following year. If a twig (a part of the branch composed of several annual shoots) does not bear any 0-year-old shoots, this twig is also regarded as dying (dieback of a twig).
Surviving 0-year-old shoots (i.e., those longer than the critical length), become mother shoots next year, each of which produces new daughter shoots the following year according to its length. Thus the developmental process of a branch can be simulated, starting with just one mother shoot in the initial year.
5 Simulation for branch development Figure 4 shows a two-dimensional illustration of the simulated branch structure with eight simulated years. In this illustration, the length of each annual shoot and their positions on their mother shoots are correctly drawn, but the angle of annual-shoot extension is arbitrary. In the first year, five 0-year-old shoots (one apical shoot and four lateral ones) were produced on an initial mother shoot. During the first and third years, new 0-year-old shoots were produced on their respective mother shoots, while the number of 0-year-old shoots was less, and their length shorter, on lateral twigs originating from the lower shoots of the first year. In the fourth year, 0-year-old shoots were not produced on the twig originating from the lowest lateral shoot of the first year, since all the 1-year-old shoots on the twig were shorter than the critical length for shoot production (Fig. 2B ). This means that this twig died back to the main stem. By the seventh year, the four twigs whose origins were the four lateral shoots of the first year died out, and only the apical shoot of the first year survived. On the other hand, in the sixth year, the living part of the branch (a part having one or more 0-year-old shoots) was composed of living annual shoots of six years of age. After that, the living part does not change its structure, having been raised upwards with time. This means that a cluster of foliage with a stable structure was formed.
Comparing the structures of the eight simulated years in Fig. 4 , we see that the whole first-year structure appears in the upper part of the second-year structure, and the whole second-year structure in the upper part of the third-year structure, and so on.
Hence we could say that the developmental process of the stable cluster is as if less-developed lateral twigs are added to their lower part each year until a stable cluster is formed.
6 Simulated increase in the number of current-year shoots and age structure
As the formation of the stable cluster suggests, the total number of current-year shoots reaches a constant value in the sixth year ( Fig. 5, dotted An exponential age structure of annual shoots as in Fig. 1 was also reproduced with the simulation. Figure 6 shows the age structure of living annual shoots in the seventh year of the simulation. Note that the exponential relationship holds for the annual shoots from zero to six years of age, which corresponds to the turnover time of the cluster. This explains why branches with an exponentially forking structure can exist in a crown with little space for increasing its size; the exponential relationship only holds in the stable cluster that does not increase in size over time. For annual shoots over six years of age, the number of survived shoots is just one (Fig. 6) , which had been the apical shoot of the first year. Once a forest canopy is closed, tree crowns need to exist with little space to spread foliage, while they have a natural characteristic that multiple current-year shoots are produced on each mother shoot when they flush new leaves. Formation of a stable cluster of branches can partly explain how such tree crowns can continue to exist in a closed canopy. In fact, if we can look down on a forest from above, we can observe that a crown of a hardwood tree is composed of clusters of foliage, which can be regarded as basic components of a hardwood crown (e.g., Kira et al. 1969) . Persistence of hardwood crowns in a closed canopy may be closely related to the ability to form stable clusters of foliage. 
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